Introduction {#s1}
============

Diabetic Retinopathy (DR) is primarily a microvascular complication where a selective degeneration of retinal capillary pericytes occurs. This results in a retinal capillary pericyte to endothelial cell ratio increase from 1∶1 in nondiabetics to up to 1∶18 in diabetic patients [@pone.0049422-Kuwabara1], [@pone.0049422-Cogan1]. Pericytes regulate capillary tone, control retinal capillary blood flow through their contractile nature (presence of smooth muscle actin) and control neovasculogenesis by suppressing the growth of endothelial cells [@pone.0049422-Betsholtz1], [@pone.0049422-Chan1], [@pone.0049422-AntonelliOrlidge1].

Animal studies have played a critical role in elucidating the mechanism(s) of how retinal lesions are induced by hyperglycemia. Studies have also established that similar hyperglycemic-associated retinal lesions also develop in galactose-fed animals; however, the retinal lesions develop faster and are more severe in galactosemic animals. For example, while retinal lesions in diabetic dogs generally do not develop past background retinopathy, galactose-fed dogs, develop retinal changes that include the proliferative stage [@pone.0049422-Kador1], [@pone.0049422-Kador2], [@pone.0049422-Kador3], [@pone.0049422-Kador4], [@pone.0049422-Neuenschwander1], [@pone.0049422-Takahashi1], [@pone.0049422-Takahashi2]. In fact, the galactose-fed dog is the first animal model to clearly support the hypothesis that pericyte loss is the hallmark of DR proposed by Cogan and Kuwabara. Pericyte loss is followed by either an adjacent increased focal growth of endothelial cells to form microaneurysms, or the subsequent degeneration of endothelial cells to form acellular capillaries through which blood, oxygen and nutrients no longer flow. Compared to pericyte loss, however, the loss of endothelial cells is not significant until the latter stages of retinopathy [@pone.0049422-Kador3]. Further studies with canine retinal capillary cells indicate that aldose reductase (AR) is expressed in pericytes and that exposure of retinal capillary cells to high sugar levels initiates apoptosis in pericytes that is prevented by treatment with aldose reductase inhibitors (ARIs) [@pone.0049422-Akagi1], [@pone.0049422-Murata1], [@pone.0049422-Sato1].

The role of AR in retinal lesion formation has also been observed in diabetic and galactose fed rats [@pone.0049422-Kador3], [@pone.0049422-Neuenschwander1], [@pone.0049422-Robison1], [@pone.0049422-Yamaoka1], [@pone.0049422-Cheung1]. However, in contrast to marked pericyte loss in dogs, rats demonstrate increased periodic-acid-Schiff (PAS) staining of retinal capillaries suggestive of basement membrane thickening that is prevented ARIs [@pone.0049422-Frank1], [@pone.0049422-Robison2]. While retinal capillary pericyte degeneration also occurs in both diabetic and galactose-fed rats, this degeneration is not as pronounced and occurs after significant capillary basement membrane thickening has developed. This pericyte degeneration is also prevented by ARIs [@pone.0049422-Robison1], [@pone.0049422-Robison3], [@pone.0049422-Tilton1]. *In vitro* culture of rat retinal capillary pericyte (TR-rPCT) and endothelial (TR-iBRB) cells in 50 mM glucose or galactose show significant polyol accumulation in pericytes compared to endothelial cells and results in increased TUNEL staining that was reduced by AR inhibition [@pone.0049422-Kador5].

Compared to the dog or rat, mice represent a more versatile animal model for investigating the development of lesions associated with DR because select genes can easily be manipulated or removed. However, compared to rats, it is more difficult to induce diabetes in the mouse with alloxan or streptozotocin and to maintain the diabetic mouse for the prolonged time periods required to observe retinal lesions [@pone.0049422-Wilson1]. Distinguishing pericyte degeneration in mice is also more difficult because the similar appearance of pericyte and endothelial cell nuclei makes at least 25% of capillary cells in conventionally stained (PAS and hematoxylin) preparations difficult to distinguish [@pone.0049422-Tilton2], [@pone.0049422-Cuthbertson1]. While several studies with transgenic and knock-out mice suggest that AR is also linked to the development of retinal lesions [@pone.0049422-Yamaoka1], [@pone.0049422-Cheung1], Obrosova has reported significant differences in retinal oxidative parameters between the rat and mouse retina and suggested that there are lower levels of AR in the mouse retina [@pone.0049422-Obrosova1]. Here, we report the development of new transgenic mice expressing green fluorescent protein (GFP) and human aldose reductase (hAR) in all vascular cells containing smooth muscle actin (e.g. retinal capillary pericytes) that when cross bred with Akita mice develop diabetes. These diabetic transgenic mice expressing hAR demonstrate expressions changes in growth factor and signaling along with retinal capillary cell drop-out that are prevented by the administration of aldose reductase inhibitors.

Materials and Methods {#s2}
=====================

Chemicals {#s2a}
---------

All reagents and solvents were commercially obtained from Acros Organics and Fisher Scientific (Pittsburgh, PA) or Sigma-Aldrich Corporation (St Louis, Mo) and utilized without further purification. All solvents were reagent or HPLC grade. The ARI AL1576 (2,4-difluorospirofluorene-9,5′-imidazolidine-2′,4′-dione) was obtained from Alcon Laboratories (Ft. Worth, TX).

Antibodies utilized were as follows: GAPDH rabbit Ab, and mouse VEGF mAb (sc-147; VEGF-A) were obtained from Abcam Inc, Cambridge, MA. and IGF-1 rabbit mAb were obtained from Santa Cruz Biotech (Santa Cruz, CA); phospho-Akt (Ser473) rabbit Ab, phospho-ERK (phospho-44/42 MAPK) (Thr202/Tyr204) rabbit Ab, phospho-SAPK/JNK (Thr183/try185) rabbit mAb, TGF-β rabbit Ab, basic-FGF rabbit Ab, horseradish peroxidase (HRP) conjugated anti-rabbit antibody, and HRP conjugated anti-biotin Ab were obtained from Cell Signaling Technology (Beverly, MA). Chemiluminescent reagent and peroxide, biotinylated protein ladder, prestained protein marker, and cell lysis buffer were from Cell Signaling Technology (Beverly, MA).

Animals {#s2b}
-------

All studies were approved by the University of Nebraska Medical Center Institutional Animal Care and Use Committee and conformed to the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research.

Mice Breeding {#s2c}
-------------

A breeding pair of mice transgenic for green fluorescent protein (GFP) and a pair transgenic for human aldose reductase (hAR) were obtained from the National Eye Institute, NIH. These mice were prepared by Dr. Jen-Yu Tsai while at the Laboratory of Ocular Therapeutics of the National Eye Institute while Kador was chief of the laboratory. The C57BL6-SMAA-GFP (GFP) mice that express GFP under the control of the smooth muscle alpha actin promoter and the C57BL6-SMAA-hAR (hAR) mice that express hAR under the control of smooth muscle alpha actin promoter were produced in the Transgenic Mice Facility of the National Eye Institute using the smooth muscle alpha actin promoter provided by Dr. James Fagin [@pone.0049422-Wang1]. The regulatory sequence of the smooth muscle alpha actin gene used contains −1074 bp of the 5′ flanking region, the transcription start site, 48 bp of exon 1, the 2.5-kb intron 1, and the 15-bp exon 2 of mouse smooth muscle alpha actin. GFP is specifically expressed in both vascular and nonvascular smooth muscle cells [@pone.0049422-Tsai1], [@pone.0049422-Tsai2], [@pone.0049422-Seeliger1], [@pone.0049422-Yokota1]. Similarly to GFP, hAR is expressed in both vascular and nonvascular smooth muscle cells; however, hAR was also found to be expressed in the cone bipolar cells [@pone.0049422-Hickman1]. The GFP mice were also cross bred with hAR mice to produce a colony of GFP-hAR mice.

Heterozygous C57BL/6-Ins2^Akita^/J (AK) mice were purchased from the Jackson Laboratory (Bar Harbor, MA). Female AK mice were initially mated to GFP males with 1 male and 2 females in each cage. Once pregnant, each female was individually housed. After birth, each GFP mouse in the litter was genotyped. Mice positive for both GFP and Ins2^Akita^ were retained. Similarly, female AK mice were mated with male GFP-hAR mice.

Genotyping for SMAA-GFP {#s2d}
-----------------------

Genomic DNA was isolated from tail snips/ear punches by first digesting the tissue for a minimum of 5 hours at 56°C in Direct Lysis (Viagen Biotech) and Proteinase K solution (Invitrogen). The sample was then heated for 45 min. at 85°C. Polymerase chain reaction (PCR) analysis was conducted by mixing 1 µL of DNA sample with 33.5 µl of DD H~2~0, 10 µl of 5× Green Go Taq Flexi Buffer, 3 µL MgCl~2~ (25 mM), 1 µl of DNTP and 0.5 µl of each primer at 100 pM (SMAA-GFP-right: 5′- GAC GTA AAC GGC CAC AAG TTC AG -3′; SMAA-GFP-left: 5′- GAT GCG GTT CAC CAG GGT GTC G-3′, Integrated DNA technologies, Inc.). PCR was conducted according to the following conditions where the Lid temp is 104.5°C: a: 96°C for 4 min.; b: 96°C for 45 sec.; c: 55°C for 45 sec.; d: 72°C for 1 min (repeat b-d another 32 cycles = 33 total); e: 72°C for 5 min.; f: 4°C pause for storage. The product, 492 bp, was visualized by UV light following gel electrophoresis on a 2% Agarose gel containing ethidium bromide.

Genotyping for SMAA-hAR {#s2e}
-----------------------

Tissues were obtained and prepared as described for genotyping for SMAA-GFP. Genotyping for SMAA-hAR was conducted by PCR using the primers SMAA-hAR-right: 5′-TGA GTG CCA CCC ATA TCT CA-3′ SMAA-hAR-left: 5′-AGG TGG CCA TAT CCT GGC TG-3′; (Integrated DNA technologies, Inc.). PCR was conducted according to the following conditions where the Lid temp was 104.5°C: a: 96°C for 4 min.; b: 96°C for 45 sec.; c: 55°C for 45 sec.; d: 72°C for 1 min (repeat b-d another 32 cycles = 33 total); e: 72°C for 5 min.; f: 4°C for pause for storage. The product, 311 bp, was be visualized by UV light following gel electrophoresis on a 2% Agarose gel containing ethidium bromide.

Genotyping for Ins2^Akita^ {#s2f}
--------------------------

Tissues were obtained and prepared as described for genotyping for SMAA-GFP. The PCR amplification of a −280 DNA fragment was amplified from both the wild type and mutant alleles using the primers (Ins2) IMR1093 primer 5′-TGC TGA TGC CCT GGC CTG CT -3′ together with 5′-TGG TCC CAC ATA TGC ACA TG -3′. PCR was conducted according to the following conditions where the Lid temp was 104.5°C: a: 96°C for 4 min; b: 96°C for 45 sec; c: 55°C for 45 sec (−0.5 C per cycle); d: 72°C for 60 sec (repeat steps b--d for 32 cycles = 33 total); 72°C for 5 min.; f: 4°C for pause for storage. A restriction enzyme was employed by mixing 1.2 µL of 10× NE Buffer 4 (New England Biolabs), 5.8 µL DD water and 1 µL Fnu~4~H restriction enzyme with 12 µL of the PCR product. The Fnu4H restriction enzyme is unable to digest the PCR products from the mutant allele so the product appears at 280 bp. Because the PCR products from the wild type allele can be digested by the Fnu4H restriction enzyme, the product appears at 140 bp. These bands were visualized following gel electrophoresis on a 2% Agarose gel containing ethidium bromide.

ARI Administration {#s2g}
------------------

Select AK-SMAA-GFP-hAR mice were fed a standard rodent diet containing either 0.02% AL1576. Food consumption and body weights were monitored weekly. These records indicate that mice received an average dose of 11 mg/kg/day of AL1576 and 23 mg/kg/day of Ranirestat.

Sugar Analysis {#s2h}
--------------

Three micromoles of xylitol was added as an internal standard to 4 lenses or 4 neural retinas in 1 mL of ice cold PBS and the mixture was homogenized. An aliquot of the homogenate was removed for colorimetric protein quantification using the DC Protein Assay (Bio-Rad Laboratories, Hercules, CA) compared against bovine serum albumin (BSA) protein standards. Each sample was then deproteinized by overnight centrifugation at 8°C through a Microcon YM-10 Centrifugal Filter Device and the filtrates were dried in a Speedvac. Each dried residue was dissolved in 900 µL of pyridine and then derivatized with 900 µL of phenyl isocyanate at 55°C for 60 min. After cooling the samples in an ice bath, the reaction was halted with cold methanol. This was again followed by heating for 5 min. The derivatized samples were analyzed by HPLC on an automated Hewlet Packard 1100 Chemstation equipped with a diode array detector. Samples (5 µl) were injected onto a 150×4.6 mm Tosoh TSK-GEL ODS-80Tm column containing a 3.2×15 mm guard column at 35°C. Samples were eluted isocratically with 20 mM potassium phosphate/acetonitrile (35∶65 v%), pH 7.0, at a flow rate of 1.0 ml/min and detected at 235 nm. Samples were quantified against standard curves of glucose, galactose, sorbitol, galactitol, myo-inositol, xylose (0.008--6.0 µmol).

SDS-PAGE and Western Immunoblot Analyses {#s2i}
----------------------------------------

Neural retinas were carefully removed from the two posterior segment of each mouse and the combined retinas were immediately frozen over dry ice. The thawed retinas were sonicated with ice cold lysis buffer (1% NP-40, 0.5% Deoxycholate, 1% SDS, 150 mmol/L NaCl, 50 mmol/L Tris--HCl, pH = 8) supplemented with a mixture of protease inhibitors (Cell Signaling Technology, USA). In soluble protein in each retinal homogenate was removed by centrifugation in a microcentrifuge (14000 rpm, 30 min, 4°C). Protein levels in the remaining supernatant were measured according to the Bradford Assay [@pone.0049422-Bradford1]. Fifty micrograms of total protein from each homogenate was separated in precast linear 4--15% tris-HCl gradient polyacrylamide gel (Ready Gels, BIO-Rad, Hercules, CA). The separated proteins were electrophoretically transferred to nitrocellulose membrane, blocked with a 5% powdered milk solution and washed with tris-buffered saline (TBS). The membranes were then separately incubated overnight at 4°C with antibodies against bFGF, TGF-β, IGF-1, P-Akt, P-ERK1/2, and P-SAPK/JNK in accordance with the manufacturer\'s instructions. After final washings with 0.05% TBS-Tween, membranes bound antibody complexes were visualized by applying HRP conjugated anti-rabbit antibody to the membrane for 1 hr at room temperature. The blots were again washed with TBS and processed for chemiluminescence detection of the immunoreactive proteins after incubation for 5 min at room temperature. Immunoreactive band densities were measured using Image-Pro Plus software (Bethesda, MD) and the NIH ImageJ image analysis program (1.42q).

Electroretinography (ERG) {#s2j}
-------------------------

ERG studies were conducted on a minimum of 3 SMAA-GFP-hAR mice, AK-SMAA-GFP-hAR mice, and AK-SMAA-GFP-hAR mice treated with-AL1576. Each mouse was prepared for ERG analysis under dim red light illumination. Pupils were first dilated with 1% atropine sulfate. The mice were then anesthetized with an i.p. injection of ketamine (100 mg/kg) and xylazine (20 mg/kg). A drop of 1% carboxymethylcellulose was placed on the corneal surface of each eye to ensure electrical contact and to maintain corneal integrity. This was followed by the placement of the ERG electrodes (LKC Technologies Inc., Gaithersburg, MD). A needle electrode, placed under the skin of the forehead, served as ground. Body temperature was maintained at 38±0.3°C using a Themipaq heating pad. ERG recordings were performed according to Nystuen [@pone.0049422-Nystuen1] using the UTAS system (LKC Technologies Inc., Gaithersburg, MD). Briefly, all stimuli generated were presented in a Ganzfeld chamber/light emitter. Dark-adapted (scotopic) responses were recorded over a 4.0 log unit range of intensities. Light-adapted (photopic) responses were obtained with white flashes (0.3 log unit step) after 10 min of exposure to the background light to allow for complete light adaptation. Flicker ERG analysis was not performed. The amplitude of the scotopic a-wave was measured from baseline to the a-wave trough, while the amplitude of the scotopic b-wave was measured from the trough of the a-wave to the peak of the b-wave. The photopic b-wave amplitude was measured from baseline to the b-wave peak.

Preparation of Retinal Digests {#s2k}
------------------------------

Enucleated eyes were cut at the limbus and fixed at room temperature in a solution of 4.0% w/v paraformaldehyde in 50 mmol/l sodium/potassium phosphate buffer with 6.0% sucrose at pH 7.2. After a minimum of 4 days of fixation, the anterior segment was removed by careful microdissection at the ora serrata and the intact fixed neural retina was carefully removed from the posterior globe. The fixed retina was washed with deionized water for 4--6 hr and then with gentle agitation incubated at 37°C with 100 mmol/l sodium phosphate buffer, pH 6.5, containing 40 units/ml elastase, 150 mmol/l sodium chloride and 5.0 mmol/l ethylenediamene tetraacetic acid (EDTA) (elastase solution). After 15--20 min. the partially digested retina was washed overnight at room temperature with 100 mmol/l Tris-HCl buffer pH 8.5. The retinas were then transferred to deionized water and the loosened vitreous and digested neural elements were gently removed from the retinal vasculature by agitation. Tissue adhering to the retinal vasculature after this step was removed by additional 3--5 min. incubation in fresh elastase solution for 3--5 min. followed by a second overnight wash in fresh Tris-HCl buffer and then gentle agitation in deionized water. All remnants of optic nerve were removed and peripheral cuts were made into the cup-shaped isolated retinal vasculature bed as needed to permit an even flattening of the preparation. The vascular preparation was then mounted by flotation with calcium-magnesium-free Dulbecco\'s phosphate-buffered saline over slides coated with 0.25% gelatin. Following air drying in a dust free environment, the adhering retinal vasculature preparations were stained with periodic acid Schiff (PAS) and then hematoxylin.

Analysis of Retinal Digests {#s2l}
---------------------------

Each retinal preparation was divided into 4 equal quadrants and the central areas in each quadrant mid-distance between the optic nerve and outer retinal edge were analyzed. At the central point in each of these quadrants, 4 adjacent 230×300 micron areas were captured with an Olympus BX51 research microscope at 400× magnification and analyzed using PAX-it Image software (Chicago, IL). Approximately 1.1 mm^2^ central areas of each mouse retina were analyzed. Retinas from a minimum of four 18 week diabetic AK-SMAA-GFP-hAR and AK-SMAA-GFP-hAR mice treated with AL1576 along with age-matched nondiabetic SMAA-GFP-hAR mice were analyzed.

Statistical Analyses {#s2m}
--------------------

The calculations and statistical analyses (ANOVA and 2-sample t-test were conducted using OriginPro® software version 8.1 (OriginLab Corp., Northampton, MA) and ProStat ver. 5.01 (Pearl River, NY). Differences with a p\<0.05 were defined as significant.

Results {#s3}
=======

A colony of transgenic mice (SMAA-GFP) where green fluorescent protein (GFP) was introduced in all vascular tissues containing smooth muscle actin to aid in the identification of retinal capillary pericytes was established from a breeding pair of transgenic C57BL6-SMAA-GFP mice expressing GFP under the control of smooth muscle alpha actin promoter. Similarly, a colony of transgenic mice (SMAA-hAR) possessing human aldose reductase (hAR) in all vascular tissues containing smooth muscle alpha actin was established from a breeding pair of C57BL6-SMAA-hAR mice expressing hAR under the control of smooth muscle alpha actin promoter. Inbreeding within each respective colony resulted in approximately 100% of all offspring demonstrating the presence of GFP or hAR. However, mating efficiency drastically decreased when essentially all offspring displayed the desired traits. Optimal breeding efficacy in both colonies required the intermittent addition of wild type C57BL6 mice. In the SMAA-GFP colony, optimal breeding efficiency was observed when approximately 70--75% of offspring expressed GFP, while in the SMAA-hAR colony optimal breeding efficiency was observed when approximately 40--45% of offspring expressed hAR. The SMAA-GFP and SMAA-hAR mice were also crossbred to establish an additional colony of mice containing both GFP and hAR traits. With repeated inbreeding both traits were present in \>95% of all offspring. Traits in all offspring were determined by genotyping DNA isolated from tail snips/ear punches with PCR.

In the SMAA-GFP mice, the tissue presence of GFP can easily be detected by fluorescent microscopy. This includes not only the retina but also vascular tissues in the brain, kidney, heart, lung and mammary glands. Confocal microscopy of the retinal capillaries confirmed that GFP is present in the finger-like cytoplasmic projections of pericytes that encompass the vascular endothelial cells but not in the endothelial cells themselves ([Fig. 1](#pone-0049422-g001){ref-type="fig"}). GFP is also retained within the cytoplasm of the pericytes when the retinal capillaries are carefully isolated by trypsin digestion ([Fig. 1](#pone-0049422-g001){ref-type="fig"}). This confirms that the selective presence of GFP in the pericytes may be a useful tool for differentiating pericytes from endothelial cells in isolated retinal capillaries.

![Appearance of retinal capillaries from transgenic mice.\
(**A**) Confocal microscopy of a retinal capillary from an SMAA-GFP mouse illustrating the appearance of pericytes with their finger-like cytoplasmic projections compassing the vascular endothelial cells. GFP is present in the cytoplasm of the pericytes and their processes (white arrows). (**B**) Bright field image of the same capillary showing the presence of red blood cells (arrowheads). (**C**) Appearance of retinal capillaries isolated by trypsin digestion illustrating that GFP is retained in the intact pericytes and can be used for their identification. (**D**) Appearance of the same capillaries by light microscopy.](pone.0049422.g001){#pone-0049422-g001}

Diabetes was introduced into these colonies of transgenic mice by breeding SMAA-GFP and SMAA-GFP-hAR expressing mice with naturally diabetic C57BL/6-Ins^2Akita^/J (AK) mice which carry a dominant mutation in the Mody4 locus on chromosome 7 in the insulin 2 gene [@pone.0049422-Yoshioka1]. Better mating was obtained when diabetic AK females were mated with SMAA-GFP-hAR or SMAA-GFP males to produce AK-SMAA-GFP-hAR or AK-SMAA-GFP offspring. This may be due to the fact that AK females are less hyperglycemic than males and actively breed longer. When SMAA-GFP-hAR and AK mice were mated, approximately 27% of offspring (males\>females) became diabetic by 8 weeks of age. Breeding either two AK-SMAA-GFP-hAR or two AK-SMAA-GFP mice together did not produce a higher rate of heterozygous diabetic mice.

In the AK crossed mice, diabetes develops by 8 weeks with blood sugar levels similar in both the AK-SMAA-GFP-hAR and the AK-SMAA-GFP mice; however, males have significantly higher blood sugar levels than females ([Fig. 2](#pone-0049422-g002){ref-type="fig"}). Sorbitol levels in the neural retinas from AK-SMAA-GFP-hAR mice are significantly higher (25%) than those from AK-SMAA-GFP mice. This is attributed to the increased presence of hAR in the neural retina. The sorbitol levels in the neural retinas from diabetic AK-SMAA-GFP mice are not significantly higher than the sorbitol levels in the neural retinas from nondiabetic SMAA-GFP or SMAA-GFP-hAR mice ([Fig. 3](#pone-0049422-g003){ref-type="fig"}). For the present studies, the average blood sugar levels (mean ± SEM) for the AK-SMAA-GFP mice was 481±27 mg/dL, for the AK-SMAA-GFP-hAR mice, 502±20 mg/dL, and for the AK-SMAA-GFP-hAR mice treated with AL1576, 499±19 mg/dL.

![Comparison of blood glucose levels in male and female diabetic AK-SMAA-GFP and AK-SMAA-GFP-hAR mice.\
Similar blood glucose levels were observed with both groups of mice with levels higher in males than females. n = 4--6; mean ± S.D.](pone.0049422.g002){#pone-0049422-g002}

![Comparison of sorbitol levels in the isolated neural retinas of non-diabetic SMAA-GFP and SMAA-GFP-hAR mice and AK-SMAA-GFP and AK-SMAA-GFP-hAR mice.\
Significantly increased sorbitol levels were observed in the AK-SMAA-GFP-hAR mice. n = 4--6; mean ± S.E.M. \* p\<0.05.](pone.0049422.g003){#pone-0049422-g003}

In diabetic rats, elevated retinal sorbitol levels have been linked to increased VEGF expression and decreased b-wave electroretinogram (ERG) pattern responses. Both changes are normalized by treatment with ARIs [@pone.0049422-Mochizuki1], [@pone.0049422-Chen1], [@pone.0049422-Obrosova2], [@pone.0049422-Amano1], [@pone.0049422-Frank2]. Comparison of VEGF expression levels in the neural retinas from 18 week old SMAA-GFP, SMAA-GFP-hAR, AK-SMAA-GFP and AK-SMAA-GFP-hAR mice showed that the expression levels of VEGF-A only increased in the neural retinas from AK-GFP-hAR mice and this expression was reduced when AK-SMAA-GFP-hAR mice were treated with the ARI AL1576 ([Fig. 4](#pone-0049422-g004){ref-type="fig"}). ERG pattern changes in SMAA-GFP-hAR mice were also compared to those in AK-SMAA-GFP-hAR mice treated with/without the AL1576. A significant decrease in the scotopic but not photopic b-wave, was observed in AK-SMAA-GFP-hAR mice ([Fig. 5](#pone-0049422-g005){ref-type="fig"}). This decrease was normalized in similar AK-SMAA-GFP-hAR mice treated with AL1576.

![Induction of VEGF in neural retinas from 18 week old non-diabetic SMAA-GFP and SMAA-GFP-hAR mice and AK-SMAA-GFP and AK-SMAA-GFP-hAR mice.\
Highest VEGF induction was observed in AK-SMAA-GFP-hAR mice which was reduced in similar mice treated with the ARI AL1576. Bars represent the mean ± S.E.M of a minimum of 3 separate analyses. The gel illustrates the representative appearance of one analysis.](pone.0049422.g004){#pone-0049422-g004}

![Comparison of ERG maximum scotopic b waves obtained from nondiabetic SMAA-GFP-hAR and AK-SMAA-GFP-hAR mice.\
n = 3--4; mean ± S.E.M. \* p\<0.05.](pone.0049422.g005){#pone-0049422-g005}

In addition to VEGF, the development of diabetic retinopathy has been linked to the deregulation of other growth factors such as TGF-β, IGF-1, and bFGF [@pone.0049422-Mochizuki1], [@pone.0049422-VanGeest1]. Compared to 18 week AK-SMAA-GFP mice, the retinal expression of TGF-β, IGF-1, and bFGF increased in the neural retinas of AK-SMAA-GFP-hAR mice and the expression of these growth factors was reduced in similar AK-SMAA-GFP-hAR mice treated with AL1576 ([Fig. 6A, C, E](#pone-0049422-g006){ref-type="fig"}).

![Comparison of (A) bFGF, (C) IGF-1, and (E) TGF-β growth factor changes in AK-SMAA-GFP versus AK-SMAA-GFP-hAR mice treated with/without the ARIs AL1576 Bars represent the mean ± S.E.M of a minimum of 3 scans.\
\* p\<0.05. The gel illustrates the representative appearance of one analysis.](pone.0049422.g006){#pone-0049422-g006}

Changes in cellular signaling can also accompany these growth factor expression changes. To investigate this possibility, expression levels of the pathway signals P-Akt, P-SAPK/JNK, and P-Erk1/2 (P-44/42 MAPK) from the neural retinas from 4-month old AK-SMAA-GFP mice were compared to those from AK-SMAA-GFP-hAR mice treated with/without the ARI. Compared to AK-SMAA-GFP mice increased signaling in P-Akt, P-SAPK/JNK, and P-ERK1/2 were observed in the Akita-SMAA-GFP-hAR mice and these were reduced by the administration of ARI ([Fig. 6B, D, F](#pone-0049422-g006){ref-type="fig"}).

To determine if the observed changes in growth factors and signaling are also associated with retinal vascular changes, histological studies were conducted on intact retinal capillaries isolated from a minimum of five 18 week diabetic AK-SMAA-GFP-hAR and AK-SMAA-GFP-hAR mice treated with AL1576 along with age-matched nondiabetic SMAA-GFP-hAR mice. For these studies, the PAS-hematoxylin stained capillary beds in the central areas of each of 4 equal quadrants located mid-distance between the optic nerve and outer retinal edge of each isolated intact retinal vasculature were examined by light microscopy. This represents approximately 1.1 mm^2^ of the central areas of each mouse retina being analyzed. In these stained isolated preparations, the appearance of nuclei of capillary pericyte versus endothelial cells were difficult to differentiate with the classical appearance of pericyte ghosts where basement membrane outlining a cell with no stained nucleus not evident. Therefore, the total number of nuclei present in each capillary was counted as well as the length of each counted capillary. The results were then expressed as capillary nuclei/100 µm of capillary length. Using this approach, a small decrease in the number of nuclei/capillary length was observed in the AK-SMAA-GFP-hAR mice compared to either the AK-SMAA-GFP-hAR mice treated with AL1576 or AK-SMAA-GFP mice ([Fig. 7A](#pone-0049422-g007){ref-type="fig"}). The lengths of acellular capillaries present in the analyzed areas were also compared to the total lengths of cellular capillaries present and this was expressed as the percent acellular capillaries present. A comparison of all three mouse groups revealed a small, but significant increase in the percent acellular vessels present in the diabetic AK-SMAA-GFP-hAR mice compared to either AK-SMAA-GFP-hAR mice (p = 0.007) or AK-SMAA-GFP (p = 0.03) mice ([Fig. 7B](#pone-0049422-g007){ref-type="fig"}). This data indicates a link between increased aldose reductase expression and retinal capillary cell death that is also consistent with the changes in growth factors and signaling observed.

![Changes in isolated retinal capillary capillaries from 18 week diabetic AK-SMAA-GFP mice and AK-SMAA-GFP-hAR mice treated with/without ARI.\
In **A** the capillary cell density expressed as capillary nuclei/100 µm of capillary length is presented. In **B** the percent of acellular capillaries present in the examined neural retinal capillaries is presented. n = 5--7; mean ± S.E.M. \* p≤0.03.](pone.0049422.g007){#pone-0049422-g007}

Discussion {#s4}
==========

The ability to modify specific biochemical parameters through gene manipulation make mice a versatile animal model for investigating the biochemical mechanisms of DR. Since experimentally inducing diabetes in mice with chemical agents requires protracted administration of multiple "sub-diabetogenic" doses rather than a single high dose because of increased mortality [@pone.0049422-Wilson1], [@pone.0049422-Deeds1], the time of onset and severity of DM can be inconsistent. This potential problem was circumvented by introducing DM into these transgenic mice by cross-breeding with non-obese spontaneously diabetic C57BL/6-Ins^Akita^ mice which possess a mutation in the insulin 2 gene that causes misfolding of the insulin protein [@pone.0049422-Yoshioka1]. Akita mice demonstrate loss of beta-cell function, decreased pancreatic beta-cell density, and significant hyperglycemia, as early as 4 weeks of age. In the present study novel transgenic mice with/without DM expressing either GFP alone or GFP and hAR in all vascular tissues expressing smooth muscle alpha have been established. GFP was introduced to aid in the differentiation of vascular pericytes and endothelial cells by fluorescent confocal microscopy while hAR was introduced to increase the relative levels of AR in retinal pericytes.

Compared to AK-SMAA-GFP mice, retinal levels of all four growth factors examined (VEGF, bFGF, IGF-1, and TGF-β) increased in the AK-SMAA-GFP-hAR mice ([Fig. 4](#pone-0049422-g004){ref-type="fig"} and [Fig. 6](#pone-0049422-g006){ref-type="fig"}). These growth factors play a central role in regulating the development and progression of DR [@pone.0049422-Cai1], [@pone.0049422-WelgeLussen1]. Their induction is linked to the development of vascular hyper permeability and altered blood flow which lead to the development of retinal ischemia/hyper permeability that result in capillary wall thickening, pericyte degeneration, endothelial cell loss, and leucocyte adhesion [@pone.0049422-Mochizuki1]. VEGF, bFGF, IGF-1, and TGF-β are assumed to be secreted by the ischemic retina in order to stimulate residual vessels to proliferate. Of these angiogenic growth factors, VEGF is the most targeted retinal growth factor in the retina. It is upregulated in rat vessels soon after the induction of DM and has been linked to increased vascular permeability in the early stages of DR development [@pone.0049422-Cai1]. In the later stages of DR, it induces endothelial cell proliferation and chemotaxis. VEGF has also been reported to have a nonvascular role in neuroprotection; however, increased levels of VEGF in the diabetic retina do not appear to prevent neurodegeneration of either retinal ganglion cells or RPE [@pone.0049422-Iyengar1].

The first growth factor to be identified in the retina is bFGF and it has been observed to act synergistically with hypoxia to both induce mitogenesis and upregulate VEGF in smooth muscle and endothelial cells [@pone.0049422-Stavri1], [@pone.0049422-Seghezzi1]. While *in vitro* studies show that endothelial cells secrete bFGF, contact between pericytes and endothelial cells also induces the secretion of TGF-β to presumably counteract the mitogenic effects of bFGF in endothelial cells [@pone.0049422-AntonelliOrlidge2]. TGF- β, which is also secreted by the RPE, has been reported to decrease the growth of bovine aortic endothelial cells [@pone.0049422-Chen1]. That is why it has been proposed that endothelial cell growth may be controlled by an active equilibrium between TGF- β and bFGF. The first growth factor to be directly linked to DR is IGF-1. Its angiogenic effects and role in neovascularization are documented and IGF-1 levels increase in animal models prior to proliferative DR [@pone.0049422-Cai1]. IGF also has a neuroprotective effect on retinal ganglion cells and amacrine cells [@pone.0049422-Barber1]. While bFGF, IGF-1, and VEGF all have similar angiographic effects, VEGF but not IGF-1 or bFGF, is mainly responsible for changes in cellular permeability observed in retinal endothelial cells.

The present studies implicate increased sorbitol levels that are linked to increased levels of hAR rather than insulin deficiency to the induction of these growth factors. This is because diabetic AK-SMAA-GFP mice not expressing hAR were used as the control and growth factor induction was reduced in the diabetic AK-SMAA-GFP-hAR mice treated with ARI ([Fig. 4](#pone-0049422-g004){ref-type="fig"}). Since AR and sorbitol accumulation have been linked to pericyte degeneration [@pone.0049422-Neuenschwander1], [@pone.0049422-Murata1], [@pone.0049422-Kador5], the induction of VEGF, bFGF, and IGF-1, may be a protective response of the retina to changes in retinal blood flow or potential hypoxia. Similarly, the induction of TGF-β may be a protective response to the increased retinal presence of bFGF.

Growth factor induction has been documented to result in cellular signaling changes in Akt, Erk1/2 (44/42 MAPK) and JNK (SAPK/JNK). Activation (phosphorylation) of Akt is involved in cell survival while JNK and Erk1/2 are stress-activated kinases that can eventually lead to apoptosis. For example, MAPKs are activated by ischemia [@pone.0049422-Dreixler1], peroxide induced RPE cell death [@pone.0049422-Ho1], and hyperglycemia-induced pro-inflammatory responses by retinal Müller glia that is regulated by the receptor for advanced glycation end-products (RAGE) [@pone.0049422-Zong1]. In the present studies induction of signaling was observed in AK-SMAA-GFR-hAR mice and their induction was reduced by ARI treatment. Since similar induction of growth factors was observed, the observed signaling changes may be secondary to the growth factor induction.

Initial vascular changes were also observed in the isolated retinal vasculature from 18 week diabetic AK-SMAA-GFP-hAR mice where hAR expression had been increased compared to AK-SMAA-GFP mice. These changes included an apparent decrease in capillary cell density (nuclei per capillary length) and an increase in the presence of acellular capillaries which represent areas of nonperfusion. These changes were not observed in AK-SMAA-GFP-hAR mice treated with AL1576 suggesting that these vascular changes were linked to AR activity.

Previous studies in galactose-fed dogs have demonstrated that retinal changes that mirror both histological and clinical changes associated with all stages of DR are initiated by the AR linked degeneration of retinal capillary pericytes [@pone.0049422-Kador3], [@pone.0049422-Neuenschwander1], [@pone.0049422-Murata1]. Studies in diabetic and galactose-fed rats also support a central role for AR in DR [@pone.0049422-Robison4], [@pone.0049422-Sun1]. However, vascular changes in mice are conflicting and retinal levels of AR are not well-established. Changes in isolated retinal vessels range from a 16% loss of pericytes in 26-week spontaneous diabetic XLacZ mice with no mention of acellular capillary formation [@pone.0049422-Pfister1], to a modest increase in acellular capillary formation (increase from 8 (control) to 11 (diabetic) per square millimeter) and no identified loss in pericytes in 31--34 week diabetic Akita mice [@pone.0049422-Barber2]. In streptozotocin induced diabetic BLAB/c mice, only the presence of basement membrane thickening and no report on acellular capillary formation or pericyte loss has been reported after 72 weeks [@pone.0049422-Cuthbertson2]. Studies with AR are also conflicting with results ranging from reports that signs of DR that include blood-retinal barrier breakdown, loss of pericytes, neuro-retinal apoptosis, glial reactivation, and the proliferation of blood vessels, are absent in 60 week diabetic mice where AR is knocked-out (AR(−/−) db/db) [@pone.0049422-Cheung1], to reports that mice with short-term streptozotocin-induced diabetes lack many of the retinal biochemical changes such as lower VEGF protein expression, increased rather than reduced enzyme oxidative defense systems (with the exception of catalase), and lower retinal sorbitol levels compared to diabetic rats [@pone.0049422-Obrosova1]. By expressing hAR in their vascular retinal pericytes, AK-SMAA-GFP-hAR mice demonstrate vascular changes after 18 of diabetes, a time frame much earlier that the 31--34 week period for diabetic Akita mice [@pone.0049422-Barber2]. The vascular changes in AK-SMAA-GFP-hAR mice are anticipated to increase with longer durations of DM; however, additional long-term studies are required to confirm this premise.

Since neurodegeneration in diabetic animal models can potentially be detected by ERG [@pone.0049422-Ozawa1], preliminary ERG studies were conducted to determine whether neurodegeneration occurs in the AK-SMAA-GFP-hAR mice. Compared to nondiabetic SMAA-GFP-hAR mice, AK-SMAA-GFP-hAR mice demonstrated a decrease in the b-wave maximum response ([Fig. 5](#pone-0049422-g005){ref-type="fig"}). This decrease was not observed in similar diabetic mice treated with AL1576. ERG studies in SMAA-GFP mice have previously established that expression of GFP does not adversely affect retinal function [@pone.0049422-Deeds1], [@pone.0049422-Beck1]. Therefore, we can conclude from these preliminary studies that the ERG changes are associated with AR activity and sorbitol accumulation. Similar inhibition of AR in diabetic rats with either fiderestat (SNK-860) or TAT has also been reported to ameliorate ERG changes in b-wave oscillatory potentials [@pone.0049422-Hotta1], [@pone.0049422-Hotta2].

Since the same smooth muscle alpha actin promoter was used to introduce GFP and hAR into these transgenic mice, it is assumed that the tissue distribution of GFP and hAR is similar. Based on our studies on the importance of pericyte degeneration on the progression of DR in dogs, we focused on the induction of hAR into the retinal capillary cells. Using confocal microscopy, we have confirmed the select presence of GFP in the retinal capillary pericytes of mice in the present study ([Fig. 1](#pone-0049422-g001){ref-type="fig"}) while others have also reported the presence of GFP in pericytes of the initial SMAA-GFP used to establish our colony [@pone.0049422-Seeliger1], [@pone.0049422-Yokota1]. However, retinal cone bipolar cells [@pone.0049422-Hickman1], the rod inner segments [@pone.0049422-Drenckhahn1], Müller cells [@pone.0049422-Joussen1] and retinal pigment epithelia (RPE) [@pone.0049422-Kivela1] also contain smooth muscle alpha actin. Immunohistochemical studies also indicate that AR, in addition to being specifically localized in retinal capillary pericytes, is present in Mueller cells, some ganglion and cone cells, and in the axons in the optic nerve of human eyes [@pone.0049422-Akagi2], [@pone.0049422-Akagi3]. Similarly, in db/db mice, AR is present in Mueller cells, and neuronal cells in both the retinal ganglion cell and the inner nuclear layer (INL) as well as in capillary pericytes [@pone.0049422-Cheung1]. AR is also present in retinal pigmented epithelial (RPE) cells [@pone.0049422-Vinores1], [@pone.0049422-Henry1].

Because the neural retinas were mechanical separated from the poster segment leaving the retinal pigmented epithelium and choroid still attached to the posterior globe, the present results are limited to changes in the neural retina. The retinal vasculature represents only a small component of the entire neural retina and our previous studies in dog suggest that the vascular contribution to neural retinal sorbitol levels is less than 10% of the total sorbitol measured. Therefore, the 30% increase in retinal sorbitol observed in [Fig. 3](#pone-0049422-g003){ref-type="fig"} includes the contribution by other retinal cells containing smooth muscle alpha actin. Although lens sorbitol levels in the mouse lens are extremely low, the slight increase in lens sorbitol levels observed for AK-SMAA-GFP-hAR mice support this premise since the lens also contains smooth muscle alpha actin. Therefore, future immunohistochemical studies of AR localization are planned in order to clarify the distribution and induction of AR in these transgenic mice.

In summary, the present studies suggest that these novel diabetic mice expressing GFP and hAR in vascular tissues possessing smooth muscle alpha actin serve as new animal models for investigating. The AK-SMAA-GFP-hAR expressing mice show increased retinal sorbitol levels that are linked to growth factor and signaling expression changes similar to those observed in diabetic rats. In preliminary ERG studies, these mice also show AR-linked neurological changes. The importance of AR activity in these retinal changes is verified by the ability of ARIs to ameliorate the AR-associated changes. Therefore, these mice provide a new animal model for investigating the role of AR in diabetic retinopathy. In addition to these biochemical changes, the presence of GFP should be beneficial in the evaluation of retinal vascular changes.
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